Homologous recombination is of fundamental importance for meiosis (1), immunoglobulin gene rearrangements (2), antigenic variation (3), DNA repair (4), and malignant transformation (5). Despite the importance of homologous recombination to eukaryotic organisms, surprisingly little is known about the enzymatic machinery that performs this function. To date, several recombinase activities from eukaryotes have been described (6) (7) (8) (9) (10) (11) (12) (13) (14) . Nonetheless, most of our current knowledge of the molecular mechanics of homologous recombination comes from the study of viral and bacterial recombination systems where the genes for the recombination proteins have been cloned.
One of the most extensively studied systems is the RecA protein of Escherichia coli (15) (16) (17) . From studies of this pure bacterial protein a wealth of information is available on the molecular mechanics of homologous recombination. Several review articles (15-17) detail the studies that have led to current models of the recombination process. Central to most models of recombination is the invasion of a duplex strand of DNA by a homologous single-strand DNA. The process is mediated by a protein or proteins that recognize the regions of homology.
Because homologous recombination is of such importance to all organisms, one might expect a similar protein machinery to exist in higher organisms. Several years ago this laboratory began studies to purify and characterize the protein machinery from eukaryotes that could function in a
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. ?1734 solely to indicate this fact. A previous report (8) described a partially purified recombinase obtained from a human cell line. We now report on a partially purified recombinase obtained from embryos of the wild-type fruit fly Drosophila melanogaster.
MATERIALS AND METHODS
Embryos. At defined intervals (3-24 hr), embryos were washed from agar-molasses/yeast plates taken from a population cage of wild-typ'e Oregon-R, D. melanogaster fruit flies. The embryos were dechorionated by stirring in 50% Clorox for 2 mm and then were washed sequentially with deionized water, 70% ethanol, and deionized water and allowed to settle through a cold 0.02% Triton X-100 solution. The embryos were then collected on a Buchner funnel, sealed in plastic bags, and frozen in a dry ice/ethanol slurry. The material was stored at -70?C until further use (18).
Nuclear Extract. The nuclear extracts were typically prepared from 24-hr-old embryos. All procedures were carried out at 40C. A quantity of frozen, dechorionated embryos was The joint molecules are stable to deproteinizing agents such as NaDodSO4 and phenol (data not shown). As expected from the scheme shown in Fig. 1 
, the joint molecules are not resistant to boiling or to alkali (data not shown).
Other properties of note include the following. The strandexchange activity of fraction IV requires the presence of Mg2 . Activity can be demonstrated between pH 6.5 and 8.5 and between 20?C and 50?C but is optimal at pH 7.5 and 37?C. The activity is inhibited when the NaCl concentration is >100 mM. The strand-exchange activity of fraction IV is unaffected if the substrate linear duplex DNA has 3' (Bgl I restriction) or 5' (BamHI or HindlIl restriction) protruding or blunt (Sma I restriction) ends. In addition, exogenous ATP is not required (data not shown).
Electron Microscopy. Stable, deproteinized joint molecules were recovered by electroelution from agarose gels. These stable joint molecules were examined in the electron microscope. The substrate circular and duplex DNAs were the expected lengths (7.3 kb for M13mpl8) individually and in the joint molecules. Under these conditions =66% of the duplex DNA is found in joint molecules (P. Hsieh and R.D.C.-O., unpublished observations). The electroeluted joint molecules formed by fraction IV all consisted of a circular single-strand DNA molecule attached at one end of a linear duplex DNA molecule. Displaced strands were unequivocally seen in 13 of 33 joint molecules examined and were longer than 300 bp in 4 of those 13. The heteroduplex length could be as great as 600 bp (Fig. 3 and below helicases (P. Hsieh and R.D.C.-O., unpublished observations) to allow us to report its properties and behavior in our cell-free recombination reaction. Three lines of evidence indicate that the joint molecules are not the product of sequential exonuclease activity and reannealing. First, we exclude significant nuclease activity directly. Second, we are unable to form joint molecules after treating the substrates separately and attempting to reanneal them to each other. Third, we show displaced strands by electron microscopy.
Of note is that the activity is similar in all respects to the activity obtained from human cells (8): it is homologydependent, requires Mg2 +, is directional in that the noncomplementary strand of the duplex is displaced from the 3' to the 5' end, and does not require exogenous ATP at this level of purification.
Our partially purified eukaryotic recombinases (ref. 8 and this paper) are somewhat distinct from the well-studied RecA protein in that the directionality of RecA is different (15) and RecA requires exogenous ATP (15, 16, 21, 22) . Of the other eukaryotic recombinases that have been characterized in this regard, some require exogenous ATP (6, 7, 9, 10, 13) and others do not (8, 11, 12). The Ustilago protein Recl has also been shown to have a directionality opposite to that of RecA (6). Whether these differences between the eukaryotic recombinases and RecA represent evolutionary changes in the eukaryotic proteins from their prokaryotic ancestors, are an entirely different type of activity, or are a consequence of their impurity remains to be determined.
From restriction digestion and electron microscopy ofjoint molecules, we have been able to show that the recombinase activity in fraction IV can promote the formation of heteroduplexes up to at least 654 bp long. Nevertheless, long regions of heteroduplex formation are not necessary to form stable joint molecules. For example, the experiments using linearized pGEM-4 indicate that as few as 56 bp in the heteroduplex are sufficient to initiate and maintain stable joint molecules. This finding is significant with regard to defining the permissible natural substrates for the D. melanogaster recombinase in processes such as gene repair, gene rearrangements, and development.
An equally remarkable feature of the D. melanogaster recombinase is the efficiency of joint molecule formation. From as little as 40 ng of total protein in the heterogeneous fraction IV, -50 ng of single-strand substrate can be converted into joint molecules. It takes more than 125 times as much homogeneous RecA protein to achieve this extent of conversion in our hands. Likewise, it takes =75 times as much yeast recombinase to achieve a comparable extent of conversion (12) .
The most significant consequence of our demonstration of a strand-exchange activity from wild-type D. melanogaster embryos is that it invites evaluation of well-characterized recombination-defective mutants (23) to explore the role of the DNA strand-exchange activity characterized here in homologous recombination. Because many of the interesting mutants are lethal in the homozygous state, we feel that the best approach to explore this connection is to use probes (e.g., antibodies or cDNA) to examine individual embryos for the expression of the protein responsible for this strandexchange activity.
